Abstract: Statistical assessment of landslide susceptibility has become a major topic of research in the last decade. Most progress has been accomplished on producing susceptibility maps at meso-scales (1:50,000-1:25,000). At 1:10,000 scale, which is the scale of production of most regulatory landslide hazard and risk maps in Europe, few tests on the performance of these methods have been performed. This paper presents a procedure to identify the best variables for landslide susceptibility assessment through a bivariate technique (weights of evidence, WOE) and discusses the best way to minimize conditional independence (CI) between the predictive variables. Indeed, violating CI can severely bias the simulated maps by over-or under-estimating landslide probabilities. The proposed strategy includes four steps: (i) identification of the best response variable (RV) to represent landslide events, (ii) identification of the best combination of predictive variables (PVs) and neo-predictive variables (nPVs) to increase the performance of the statistical model, (iii) evaluation of the performance of the simulations by appropriate tests, and (iv) evaluation of the statistical model by expert judgment. The study site is the north-facing hillslope of the Barcelonnette Basin (France), affected by several types of landslides and characterized by a complex morphology. Results indicate that bivariate methods are powerful to assess landslide susceptibility at 1:10,000 scale. However, the method is limited from a geomorphological viewpoint when RVs and PVs are complex or poorly informative. It is demonstrated that expert knowledge has still to be introduced in statistical models to produce reliable landslide susceptibility maps. 
Geomorphological settings 136
Geomorphology of the Barcelonnette Basin 137
The Barcelonnette Basin is representative of climatic, lithological, geomorphological and 138 land-use conditions observed in the South French Alps, and is highly affected by landslide 139 hazards (Flageollet et al., 1999) . It is situated in the dry intra-Alpine zone, characterized by a 140 mountain climate with a Mediterranean influence. Highly variable rainfall amounts (400 to 141 1300 mm yr classes (high, medium and low) was derived. Three hundred fourteen landslides were 182 recognized, with 66% classified with a high MCI , 27% with a medium MCI and 7% with a 183 low MCI. Among the 207 landslides with a high MCI, 10% are considered as relict, 8% are 184 considered as latent, and 82% are considered as active. The active landslides can be grouped 185 in three types (Table 1) according to the typology of Dikau et al. (1996) . 186
Figs. 3 and 4 present the morphology and morphometric/environmental characteristics of the 187 landslides. Shallow translational slides are relatively small and mainly located on steep slopes 188 along streams. They occur on the weathered bedrock or in moraine deposits. Rotational slides 189 are located along streams but more on gentle slopes than the shallow translational slides. They 190 occur principally in moraine deposits or at the contact with the bedrock. Translational slides 191 are located more on gentle slopes at the contact with the bedrock, and their sizes are very 192 variable (Table 1) . 193
The boundaries of active landslides were classified into two zones and digitized: (i) the 194 landslide triggering zone (LTZ) and (ii) the landslide accumulation zone (LAZ, Fig. 3 ). The 195 geometrical (perimeter, area, and maximal length) and geomorphological characteristics 196 (typology and state of activity) were stored in a GIS database. 
Landslide predisposing factors 216
The statistical analysis of the landslide inventory has outlined the main predisposing factors 217 (predictive variable) to introduce in the statistical model. The thematic data (Table 2) Four degrees of susceptibility were defined. The expert rules used to define the direct 241 susceptibility classes are detailed in Table 3 . 242 243
3.
Methodology and strategy 244 -11 -
Weights-of-evidence (WOE): background 245

WOE method 246
Weights-of-evidence (WOE) is a quantitative 'data-driven' method used to combine datasets. 247
The method, first applied in medicine (Spiegelhater and Kill-Jones, 1984) The first three steps were tested on a 'sampling area' of the study site (north-facing hillslope 295 of the Barcelonnette Basin) characterized by the occurrence of the three types of landslides 296 ( were merged, and for each cell, more weight was systematically given to the higher 379 susceptibility class (Fig. 8) . Confusion matrices were calculated and several statistical tests 380 -17 -were performed for the direct and unified indirect susceptibility maps (Tables 5 and 6 ). The 381 Kappa (Κ) coefficient was used to assess the improvement of the model predictions over 382 chance (Table 6) 
and SLO-SF. The correlation SLO-CUR is mainly related to the location of RV-7 cells on 404 slopes between 15° and 35°, which cover more or less 50% of the 'sampling area' and present 405 planar slopes. Therefore, the information contained in these two PVs is redundant and 406 combining these variables has no geomorphological meaning. Consequently, the PV CUR 407
was not introduced in the statistical model. In contrast, the combination of variables with a 408 geomorphological meaning (for instance SLO and SF) was introduced. (Table 6) , while the best simulation with the introduction of 424 nPV-1 (which combines slope gradient classes and surficial formation types, Table 9) is 425 characterized by a ξ value of 0.14 ( Table 9 ). For the simulations performed in the 'sampling 426 -19 -area', ξ values are 0.18, 0.16, and 0.14 for the shallow translational slides, rotational slides, 427 and translational slides, respectively (Table 9) . 428 Consequently the high susceptibility classes simulated with the statistical models 441 incorporating an nPV are relevant from a statistical viewpoint. 442
The unified indirect susceptibility map (Fig. 11) was then compared to the direct 443 susceptibility map (Fig. 12) . The former map identifies 17.7 km 2 , 5.8 km 2 and 6.9 km 2 of the 444 high, medium and low susceptibility classes, respectively (Fig. 11) . The confusion matrix 445 (Table 11) indicates a good accuracy between the direct and indirect maps, especially for the 446 high susceptibility class. 
Discussion 450
The proposed methodology to assess landslide susceptibility at 1:10 000 scale is based on a 451 bivariate method calibrated on a 'sampling area' and validated on a larger area. To obtain a 452 robust and reproducible procedure, simple and easy-to-obtain thematic data with a high cost-453 benefit ratio were used. Our indirect susceptibility maps may not take some portion of terrain into account. For 487 instance, in our study, the portions of terrain with slope gradients lower than 15° are 488 always considered with a low or null susceptibility, although some of such areas are 489 prone to landsliding. This discrepancy may be explained by the analysis used to select 490 the best RV (RV-7) which mathematically increases the weights of the PV combination 491 corresponding to the LTZs, and by the underestimation of PostP for these slope 492 gradients because only a few LTZs are located on these slopes. 493
(iii) On a more general viewpoint, the 'sampling area' has to be selected carefully. Indeed, if 494 the 'sampling area' is not sufficiently representative of the environmental conditions of 495 the total study area, calculations of PriorP and PostP are biased. If the study area is 496 sufficiently large, a sensitivity analysis on several 'sampling areas' with different sizes 497 and shapes is recommended in order to select the more appropriate area which 498 represents the total study area (Greco et al., 2007) . In our case, the study area has a 499 -22 -complex topography with two distinct parts and several landslide types. Therefore, the 500 selection of the 'sampling area' was based on geomorphological knowledge of the site. 501 (iv) Statistical models are very sensitive to the type and number of landslide cells. A 502 conceptual model has therefore been created for each landslide type, because each type 503 is controlled by a specific combination of predisposing factors. Furthermore, the quality 504 of the indirect susceptibility maps depends on the selection of relevant cells representing 505 the variability of the environmental factors (Greco et al., 2007) . 506 (v) Statistical models are also very sensitive to the thematic data of environmental factors, 507 and to their potential conditional dependence. Regarding CI violation, the results of the 508 the different statistical tests used in our study stress the difficulty to map landslide 522 susceptibility at 1:10,000 scale using only a few variables. Other data sources such as a 523 more detailed soil thickness map or detailed structural maps (fault map and tectonic 524
-23 -map) should be used in order to obtain more accurate results. Nevertheless, at this scale 525 of work and for a large and complex environment, these variables are extremely difficult 526 to measure because of their high spatial variability. Therefore, they have been often 527 neglected in susceptibility assessment. 528
The proposed procedure follows the guidelines suggested by van Westen et al. (2003) proposed a set of criteria for ranking and comparing the quality of landslide susceptibility 531 assessments, i.e., the quality of the input data and the use of different statistical tests. In terms 532 of these criteria, the susceptibility maps obtained with the procedure used in this study have 533 the highest quality (level 7). 534
Conclusion 535
This study has demonstrated the necessity of using specific and adapted procedures for 536 indirect landslide susceptibility assessment by bivariate methods, especially at 1:10,000 scale, 537 for complex environments with some uncertainty in collected landslide characteristics. The 538 proposed procedure, based on a reduced number of thematic data and a 'sampling area', 539 consists of four steps. First, the best response variable RV (e.g. landslide inventory) to be 540 introduced in the statistical model is defined. This variable may vary according to the 541 landslide type and the environmental characteristics of the study area. Second, the best PVs 542 (e.g. terrain predisposing factors) to be used in the statistical model are identified by 543 minimizing conditional dependence on the basis of statistical tests. The structure of the 544 statistical relation between RV and PV is studied through multiple correspondence analyses to 545 identify the class of PVs influencing the location of landslides. Based on the results, neo-546 predictive variables (nPVs) with geomorphological meanings are proposed, and introduced in 547 the statistical models. Third, the performance and confidence associated with the simulations 548 -24 -are evaluated by statistical tests and expert knowledge. Fourth, more appropriate thematic 549 data and weights identified on the 'sampling area' are applied to the total study area. The 550 results are compared to a direct landslide susceptibility map through a confusion matrix. 551
The procedure was applied successfully to the north-facing hillslope of the Barcelonnette 552 , and degree of freedom. The grey-coloured box represents the conditional dependence between PVs and the null hypothesis H 0 rejected for a level of significance α = 0.05. Cramer's V coefficient: the bold font indicates moderate to high association between the variables. 
